Introduction {#Sec1}
============

Competition among trees results from genetically founded species-specific and ontogenetic differences in growth dynamics, maximum net CO~2~ assimilation rate (A~max~), leaf nitrogen concentration (N~mass~) and requirements for nutrients, water and light (Craine and Dybzinski [@CR10]; Reich et al. [@CR57]). On a global scale across biomes and plant functional groups there is evidence that key leaf traits such as specific leaf area (SLA), N~mass~, A~max~ and dark respiration (R~d~) are positively related (Reich et al. [@CR58]). The species and individuals which grow faster and overtop competitors are better adapted to win the battle for light, thus increasing their photosynthetic and growth performance (Balandier [@CR4]; Novoplansky [@CR49]; Peet and Christensen [@CR55]). In natural conditions, however, it is difficult to distinguish the effects of different environmental factors on plant performance from plant--plant competitive interactions or allelochemical relations. The outcomes of plant competition can be identified more easily in controlled conditions. Here, in a pot experiment, we simulated the relationship between *Quercus petraea* and *Prunus serotina* seedlings under the canopy of a Scots pine forest, which has been observed in natural conditions.

Growth and photosynthetic competition occur when a plant is able to increase or maintain rates of growth and/or photosynthesis, while reducing rates of its competitor (Grime [@CR23], [@CR24]). A major aspect of photosynthetic competition involves competing for light, water and nutrients required for photosynthesis. An outcome of competition may be the ability of a plant to acclimatize or adapt its photosynthetic apparatus and functions to meet the altered availability of photosynthetic substrates. A species may gain an advantage over its competitor via its capacity to acclimate from low to high light regimes, its higher photosynthetic capacity in high light, or higher leaf anatomical plasticity in response to changing light (Baker [@CR3]; Daehler [@CR12]; Oguchi et al. [@CR50]; Valladares et al. [@CR66]). For example, in cool-temperate deciduous forests, a trade-off between photosynthetic plasticity and shade tolerance was observed in response to gap formation and increased light availability (Oguchi et al. [@CR51]). Gap-dependent species were more plastic and developed leaves with new traits that allowed for fast growth, whereas gap-independent species sacrified photosynthetic plasticity in order to maintain shade tolerance (Oguchi et al. [@CR51]). Additionally, invasive species exhibit higher plasticity in terms of biomass allocation and many leaf traits in response to nutrient availability (Funk [@CR20]). A prior comparison of invasive *P. serotina* and native *Q. petraea* growth dynamics showed that the former is a superior competitor for light under introduced conditions (Robakowski and Bielinis [@CR61]). Here, we address whether the competitive advantage observed in invasive *P. serotina* occurs as a result of higher photosynthetic capacity.

The leading hypothesis explaining the mechanism of plant invasion (the enemy release hypothesis) states that invasive species escape from natural enemies and develop novel competitive abilities in a new environment (Bais et al. [@CR500]; Keane and Crawley [@CR31]). For example, Reinhart et al. ([@CR59]) provided evidence that the invasiveness of *P. serotina* in Europe was due in part to its escape from *Pythium* spp., a primary competitor in its native range. Our observations and preliminary results (Robakowski and Bielinis [@CR61]), however, suggest that the resource-enemy release hypothesis, in which the enemy release hypothesis and increased resource availability act in concert, may more accurately explain the invasion of *P. serotina* in Europe (Blumenthal 2005).

It is important to note that a great number of species perform similarly in introduced ranges when compared with their conspecific populations in their native range (Alba and Hufbauer [@CR2]; Parker et al. [@CR52]). Species that perform similarly in introduced and native habitats are generally referred to as non-native, while those that are more competitive in introduced habitats are referred to as invasive (Parker et al. [@CR52]; van Kleunen et al. [@CR67]). Under new environmental conditions, an invasive species may be larger in size, exhibit higher reproductive performance and resource use efficiency, and have lower biomass production costs than in its native habitat. Invasive plants often inhibit the growth of competitors and are highly efficient at capturing and utilising light, water, mineral nutrients and space (Heberling and Fridley [@CR27]; van Kleunen et al. [@CR67]).

Allelochemical activity has been proposed as an alternative explanation for the success of some invasive species (Callaway and Aschehoug [@CR7]; Hierro and Callaway [@CR29]). In an introduced environment, an invasive species may use a "new weapon" to compete more efficiently with native species (Yuan et al. [@CR73]). For example, some invasive species use allelochemicals volatilized from leaves or released from roots as exudate in soil (Koutika et al. [@CR33]; Ubalua [@CR65]). Bais et al. ([@CR500]) showed that invasive *Centaurea maculosa* inhibited growth and germination of native species in field soils with the phytotoxin (−)-catechin released from its roots. In the present study, we investigate the effect of a cyanogenic glycoside, prunasin, which is produced by the invasive *P. serotina* and is known for its allelochemical properties (Leavesley et al. [@CR35]; Robakowski et al. [@CR62]; Swain et al. [@CR64]; Vetter [@CR69]). Our earlier paper (Robakowski et al. [@CR62]) was focused on seasonal changes in root prunasin concentrations of *P. serotina* and correlations among prunasin concentration and different ecophysiological parameters.

To understand the mechanism of invasion, invasive species have been compared with their native congeners with respect to growth and photosynthetic traits (McDowell [@CR43]; van Kleunen et al. [@CR67]). The advantage of comparing congeners rather than unrelated species is that the comparison of congeners provides more insight into which traits actually play a role in the invasiveness of a species and which are merely coincidental (Mack [@CR39]; McDowell [@CR43]). Photosynthetic and growth characteristics of invasive plants have also been compared between invasive species and non-invasive, unrelated native species (Baruch and Goldstein [@CR5]; Pattison et al. [@CR53]). Functionally similar species are more likely to compete (Abrams [@CR1]), but if an invasive species and a native species are functionally similar, the invasive species may lack the competitive advantage needed to outgrow the native species (Davis et al. [@CR13]). *P. serotina* and *Q. petraea* used in our study are broadleaved deciduous trees originating from different families, but they share the same ecological niche in European forests.

Invasive species often have different suites of leaf traits when compared with native species. For instance, invasive species have been shown to have higher photosynthetic capacity, higher photosynthetic nitrogen and water use efficiency (PNUE and WUE, respectively), greater instantaneous photosynthetic energy-use efficiency, lower respiration costs, lower construction costs of leaf tissue, and lower leaf mass to area ratio (LMA) when compared with native species (Heberling and Fridley [@CR27]; McDowell [@CR43]). Invasive species, however, do not have fundamentally different carbon capture strategies from natives, but are instead positioned further along the leaf economics spectrum towards faster growth strategies (Leishman et al. [@CR37]). On a global scale, plants with lower LMA are more efficient at light interception per unit leaf dry mass than those with higher LMA (Wright et al. [@CR70]). Species that best compete for light under shaded conditions are highly efficient at light capture due to higher allocation of resources to light harvesting complexes, increased chlorophyll concentrations and reductions of chlorophyll a/b ratios (Hikosaka and Terashima [@CR30]; Lei and Lechowicz [@CR36]). In high light, high leaf nitrogen concentration and photosynthetic capacity, as well as effective mechanisms of dissipating excess energy, can confer an advantage in competition for resources (Demmig-Adams and Adams [@CR14], [@CR15]; Heberling and Fridley [@CR27]).

The photosynthetic performance of our study trees was determined by comparing the fraction of leaf absorbed light energy transferred to photochemistry (Φ~PSII~) vs. heat (Φ~NPQ~) and fluorescence (Φ~f,D~). This partitioning of leaf absorbed light energy depends on factors such as temperature and light availability. Species and individuals allocating high levels of energy to photochemistry have potentially higher net CO~2~ assimilation rates compared to plants that dissipate more energy as heat and fluorescence (Genty et al. [@CR21]; Maxwell and Johnson [@CR42]). In the present study, we have posited that *P. serotina* and *Q. petraea* will differ in terms of proportions of leaf absorbed light energy transferred to different processes, with a higher proportion of energy allocated to Φ~PSII~ in the species with a competitive advantage (Funk [@CR20]). However, under non-optimal conditions, as was the case in the strong shade and high light treatments in our experiment, photochemical energy can be used in several alternative pathways such as photorespiration, the Mehler reaction or the xanthophyll cycle, which may lead to a reduction in the rate of net CO~2~ assimilation (Demmig-Adams et al. [@CR505]; Demmig-Adams and Adams [@CR15]; Demmig-Adams and Niyogi [@CR48]). In addition to variation in leaf absorbed light energy partitioning, we expected our different competition and allelochemical treatment combinations (see details below) to influence leaf structure (LMA), physiology (respiration, net CO~2~ assimilation rates), and biomass allocation to different organs as was shown for *Picea abies* and *Fagus sylvatica* in Kozovits et al. ([@CR34]).

The aim of our study was to determine the mechanisms of competitive interactions between invasive *P. serotina* and native *Q. petraea*. To achieve this, we measured leaf absorbed light energy partitioning and photosynthetic and growth rates of seedlings in response to variations in light environment, competition, and allelopathic effects by mulching with *P. serotina* leaves. The following hypotheses were tested: (1) invasive *P. serotina* will invest more energy in Φ~PSII~ rather than in Φ~NPQ~ and Φ~f,D~ when growing in competition with native *Q. petraea* than it will when growing in monoculture. In contrast, native *Q. petraea* will not increase energy transfer to Φ~PSII~ when growing in the presence of *P. serotina* and/or allelopathic compounds. Lower losses of leaf absorbed light energy and higher Φ~PSII~ will give an advantage to the invasive over the native species in photosynthetic performance and growth. This hypothesis is supported by the results of Funk ([@CR20]) who showed that effective quantum yield of fluorescence can be higher in invasive compared with native species. Alternatively, Hendrickson et al. ([@CR28]) found that partitioning of leaf absorbed light energy was driven more by light availability than by interspecific competition. (2) When competing with *Q. petraea, P. serotina* will enhance its photosynthetic capacity and resource use efficiency to increase growth at lower costs and compete for aboveground resources more effectively than the native species. In contrast, in the presence of the invasive competitor and/or allelopathic effects of *P. serotina* leaves, *Q. petraea* will decrease its photosynthetic capacity and resource use efficiency. Earlier results from other studies suggest that there is not a clear difference between native and invasive species in terms of absolute rates of photosynthetic capacity and resource use efficiency, but invasives do appear to have higher plasticity of the latter (Daehler [@CR12]; Funk [@CR20]). (3) Effects of competition and/or allelopathy on photosynthesis will be more pronounced under high light than under intermediate and low light levels. In high light, the competing species will assimilate more carbon and thus be able to allocate more biomass to photosynthesis and growth, which will result in intense competition for space and light. In contrast, under strong shade, seedlings will reduce growth and photosynthesis independent of species or treatment and competition will be minimal or absent. Oguchi et al. ([@CR51]) found that species-specific photosynthetic responses to increased light availability in forest trees can influence their interspecific competition. Based on 79 independent native-invasive plant comparisons, Daehler ([@CR12]) stated that increased resource availability increased the performance of invasive species over that of natives. (4) *P. serotina* leaves used as a source of allelochemicals in mulching will inhibit growth, respiration and photosynthesis of native *Q. petraea*. Leaves contain the allelochemical prunasin that, after being hydrolyzed, decomposes into hydrogen cyanide (HCN), a respiratory poison that inhibits the activity of metalloenzymes such as cytochrome *c* oxidase (Leavesley et al. [@CR35]; Swain et al. [@CR64]; Vetter [@CR69]). (5) At the juvenile stage, invasive *P. serotina* will experience higher growth rates and higher biomass allocation to leaves than roots, while native *Q. petraea* will allocate more growth toward roots at the expense of leaves. This hypothesis is based on our observations of natural regeneration of both species in forest understories and preliminary research showing that the growth rates of *P. serotina* can be several times greater than that of *Q. petraea* (Robakowski and Bielinis [@CR61]). It is also supported by earlier studies from Kozovits et al. ([@CR34]) who showed that *Picea abies* was a stronger competitor than *Fagus sylvatica* due to higher above-ground biomass increments in mixed culture than in monoculture.

Materials and methods {#Sec2}
=====================

Material {#Sec3}
--------

*Prunus serotina* (Ehrh.) Borkh. is a deciduous tree or a small understorey shrub that is native to North America (Forestry Compendium [@CR19]; Marquis [@CR41]). As juveniles, the species is classified as moderately shade tolerant, showing the highest growth rate in 25% of full sun and only slightly lower in 100% (Robakowski, unpublished). The species exhibits the "sit and wait" life strategy, i.e. seedlings are able to survive beneath the dense canopy, but grow quickly in the high light of forest clearings and gaps (Closset-Kopp et al. [@CR9]). The species is able to rapidly occupy new territories due to mass and frequent seed production, propagation of seeds by birds, resprouting from trunks and roots, and high rates of annual growth. It is an aggressive colonizer, capable of rapidly overtopping native tree species when introduced to new habitats (Csiszár et al. [@CR11]; Halarewicz [@CR25]; Möllerová [@CR45]).

*Quercus petraea* (Matt.) Liebl. is an economically important deciduous broadleaved tree occurring in Europe. As juveniles, *Q. petraea* is classified as shade-tolerant. In Poland and Germany, natural regeneration of *Q. petraea* is favoured beneath the canopy of *Pinus sylvestris* (L.) stands of different age (Kenk [@CR32]), occurring together with the natural regeneration of *P. serotina*.When naturally regenerating in forest understories such as our experimental forest, *P. serotina* tends to be at least twice as common (up to 120 seedlings per m^2^) as *Q. petraea*, and in this study we were attempting to simulate this competition. Thus, we planted a higher number of seedlings of the invasive species in each competition treatment since it accurately reflected the observed pressure of *P. serotina* on *Q. petraea*. The greater regeneration density of *P. serotina* compared with *Q. petraea* is likely due to more frequent and abundant seed production, accumulation of seeds in soil and high seed germination capacity even after 5 years of being in soil, distribution of seeds by birds, higher capacity of vegetative regeneration and much higher growth rates at the juvenile life stage. Additionally, our observations indicate that in the university experimental forest *P. serotina* is not browsed by deer and roes, while *Q. petraea* seedlings and saplings are often damaged by these animals. In addition, *Q. petraea* acorns are eaten by deer, wild boar, squirrels and other animal species. *P. serotina* seeds, leaves and roots contain the cyanogenic glycosides amygdalin and/or prunasin, which repel animals.

In October 2011, acorns of *Q. petraea* were collected in a selected seed stand located in Jarocin Forest Division, Western Poland. At the end of February 2012, acorns were potted in a peat and perlite substrate (3:1; v/v) and grown in a plastic tunnel without heating at the Jarocin forest nursery (51°58′45″N; 17°29′8″E). Seedlings were moved outdoors at the end of March. *P. serotina* seedlings originated from the natural regeneration occurring in "Zielonka" Forest, 27 km from Poznan, Western Poland (52°33′29″N; 17°06′18″E). At the beginning of May 2012, 1-year-old seedlings were dug up and transported with roots thoroughly covered with humus to Poznan University of Life Sciences Dendrological Garden.

*Quercus* and *Prunus* seedlings were potted using 225 7-l pots filled with a mixture of pH-neutral sand, peat and humus (1/1/1; v/v/v). For better drainage, a small amount of gravel was added at the bottom of pots. Before planting, 100 g of fresh *P. serotina* leaves, cut into small pieces (\~ 0.25 cm^2^), were added to each of 90 pots and mixed with the substrate to enhance the expected allelopathic reaction. Mulching was repeated once a month from May to September with 10 g of freshly cut *P. serotina* leaves. Leaves of *P. serotina* decomposed almost entirely in pot within around 30 days. In leaves used for mulching, prunasin concentrations were 2.86 ± 048 and 15.9 ± 4.89 mg g^−1^ FW (mean ± SE, FW---fresh weight, *n* = 4) in May and August, respectively. The lowest leaf prunasin concentration was 1.93, and the highest value was 29.93 mg g^−1^ FW. We used five treatment combinations using different numbers of seedlings and different mulching scenarios: (1) Q: three seedlings of *Quercus petraea*; (2) P: three seedlings of *P. serotina*; (3) Q + L: three seedlings of *Q. petraea* + mulching with *P. serotina* leaves; (4) Q + P: three seedlings of *Q. petraea* + six seedlings of *P. serotina*; (5) Q + P + L: three seedlings of *Q. petraea* + six seedlings of *P. serotina* + mulching. As explained above, *P. serotina* seedlings tend to be at least twice as common as *Q. petraea* seedlings when regenerating in natural conditions. Thus, in order to ensure that adequate competitive pressure on the native species was achieved in our treatments, we used six *P. serotina* seedlings and three *Q. petraea* seedlings in both competition treatments. All combinations are schematically shown in Robakowski et al. ([@CR62]). From this point forward, we use variations on these treatment combinations to denote which species' measurements are being presented; for example, P + Q indicates that traits presented were measured on *P. serotina* seedlings that were competing with *Q. petraea* seedlings, while Q + P indicates that traits presented were measured on *Q. petraea* seedlings that were competing *P. serotina* seedlings.

In May 2012, the seedlings were fertilized using 15 g of slow-releasing fertilizer 'Osmocote Exact Standard' (N, P, K, Mg---15:9:12:2 and microelements) per pot. Every 2 days, seedlings were watered to field capacity using an automatic irrigation system. Watering was less intensive in the low light regime (10% of full light) and was stopped when it was raining. Each month, a subset of pots were emptied and seedlings were harvested for biomass allocation analyses and substrate moisture content was observed. In September, water content in soil was measured gravimetrically and there were no significant differences among light treatments (*P* = 0.07). Q + L had the highest (46%) and Q + P the lowest (32%) water content in substrate (*P* \< 0.001). Potted seedlings were grown from half May to the end of November.

Experimental design {#Sec4}
-------------------

225 pots were distributed into three blocks (75 pots per block) and three light treatments, established using a shading net: LL (10% of full sun), ML (25% of full sun) and HL (100% of full sun). The spectral proprieties of the material used for the shading net have been described in Robakowski ([@CR60]). There were 25 pots in each block by light treatment. Five combinations of seedlings with or without mulching (Table [1](#Tab1){ref-type="table"}) were distributed in split-plots (five pots per block, light treatment and combination). Each combination was repeated five times in each plot i.e. 225 experimental units (5 repetitions × 5 combinations × 3 light treatments × 3 blocks = 225 pots).

Table 1Effects of light environment and treatment combinations of *Prunus serotina* and *Quercus petraea* seedlings with or without mulching on quantum yield of constitutive fluorescence and thermal dissipation (Φ~f,D~), quantum yield of thermal energy dissipation (Φ~NPQ~), and quantum yield of PSII photochemistry (Φ~PSII~) at PPF = 295 µmol m^−2^ s^−1^ (mean ± SE; *n* = 6)EffectΦ~f,D~Φ~NPQ~Φ~PSII~*Prunus serotina* energy partitioning LL0.28 ± 0.01a0.50 ± 0.02a0.22 ± 0.01a ML0.23 ± 0.01b0.47 ± 0.03ab0.30 ± 0.02b HL0.19 ± 0.01b0.42 ± 0.03b0.39 ± 0.03c P0.22 ± 0.01a0.49 ± 0.02a0.29 ± 0.02a P + Q0.24 ± 0.02a0.49 ± 0.02a0.27 ± 0.02a P + Q + L0.24 ± 0.01a0.41 ± 0.03b0.35 ± 0.03b*Quercus petraea* energy partitioning LL0.26 ± 0.01a0.47 ± 0.01a0.27 ± 0.02a ML0.21 ± 0.01a0.39 ± 0.02ab0.40 ± 0.02ab HL0.24 ± 0.01a0.33 ± 0.02b0.43 ± 0.02b Q0.24 ± 0.01a0.37 ± 0.02a0.39 ± 0.03a Q + P0.25 ± 0.01a0.38 ± 0.02a0.37 ± 0.03a Q + P + L0.23 ± 0.01a0.42 ± 0.03a0.35 ± 0.03a Q + L0.23 ± 0.01a0.41 ± 0.02a0.36 ± 0.02aThe same letters after SE in columns indicate that the mean values do not differ significantly among light treatments or among seedlings' combinations in Tukey's test at *P* \< 0.05LL, low light (10% of full sun light); ML, medium light (25% of full sun light); HL, high light (100% of full sun light); P, three *Prunus serotina* seedlings; P + Q, six *P. serotina* seedlings in competition with three *Q. petraea* seedlings; P + Q + L, six *P. serotina* seedlings in competition with three *Q. petraea* seedlings with mulching with *P. serotina* leaves; Q, three *Quercus petraea* seedlings; Q + P, three *Quercus petraea* seedlings in competition with six *P. serotina* seedlings; Q + P + L, three *Q. petraea* seedlings in competition with six *P. serotina* seedlings with mulching with *P. serotina* leaves; Q + L, three *Q. petraea* seedlings with mulching with *P. serotina* leaves

Light treatments and meteorological conditions {#Sec5}
----------------------------------------------

Air temperature and relative humidity (RH) were monitored with HOBO Pro v2 (OnSet Computers, Pocasset, MA, USA) throughout the growing season. Six HOBOs (two per light treatment) were fixed 80 cm above the ground and registered data every 20 min. Microclimatic differences were most noticeable between shade treatments and HL. Shading decreased monthly mean temperatures, monthly amplitudes and increased relative humidity (RH) compared with HL. The coldest months were May and September (15.87 ± 0.15, 13.86 ± 0.11 °C), the hottest was August (17.97 ± 0.12 °C). The differences between HL and ML in monthly mean temperature were 1.62 °C in June, 1.71 °C in August, and 0.97 °C in September. The lowest (1.34 °C in September) and the highest temperature (35.90 °C in August) values were observed in HL.

Light curves of chlorophyll *a* fluorescence {#Sec6}
--------------------------------------------

Chlorophyll *a* fluorescence was measured in August 2012 using a Fluorescence Monitoring System (FMS 2, Hansatech, Norfolk, UK) operating in online mode. Six seedlings per species and light treatment (two per block) were randomly chosen and dark-treated for 30 min. in the laboratory prior to measurements of minimal (F~0~) and maximal fluorescence (F~m~) (Maxwell and Johnson [@CR42]). Each leaf was exposed to modulated measuring light at 0.05 µmol m^−2^ s^−1^. After reading F~0~, a saturating 0.7 s pulse of light (PPF = 15,300 µmol quanta m^−2^ s^−1^, PPF -- photosynthetic photon flux) was switched on to induce F~m~. Maximum quantum yield of PSII photochemistry was calculated using to the formula F~v~/F~m~, where variable fluorescence F~v~ = F~m~ − F~0~. To generate light response curves of PSII quantum yield (Φ~PSII~ = F~m~′ − F~s~/F~m~′; F~m~′---maximal fluorescence in the light, F~s~---steady state fluorescence), the leaf in the clip was illuminated with actinic light of increasing intensity (0, 12, 38, 90, 175, 295, 454, 653, 894, 1177, 1503 µmol m^−2^ s^−1^). For each light level, after a stable steady state fluorescence (F~s~) was reached, a 0.7 s saturating pulse was delivered and maximum light-adapted fluorescence (F′~m~) was determined (Rascher et al. [@CR56]). Quantum yield of PSII was calculated according to the methods of Genty et al. ([@CR21]).

Mathematical model of leaf absorbed light energy partitioning {#Sec7}
-------------------------------------------------------------

Hendrickson et al. ([@CR28]) developed a method to quantify the fate of light energy absorbed by leaves. The following equations were applied to calculate quantum yield of PSII photochemistry (Φ~PSII~), quantum yield of thermal energy dissipation (Φ~NPQ~), and quantum yield of constitutive fluorescence and thermal dissipation (Φ~f,D~), respectively:$$\documentclass[12pt]{minimal}
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To estimate the fractions of energy partitioned to the three processes (Φ~PSII~, Φ~NPQ~, Φ~f,D~) the areas below curves representing relationships between PPF of fluorescence induction and respective energy fraction were calculated as sums of products:$$\documentclass[12pt]{minimal}
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Gas exchange {#Sec8}
------------

Methods of gas exchange measurements on *P. serotina* and *Q. petraea* have been previously described in Robakowski et al. ([@CR62]). In brief, gas exchange was measured on four occasions: in June, August, September and October using the gas exchange analyzer LCA-4 (ADC, Ltd., Hoddesdon, UK). The broadleaf chamber (PLC4B) was used, with chamber conditions as follows: CO~2~ concentration in inlet air of 380 µmol mol^−1^, leaf temperature of 26 to 27 °C, and relative humidity of approximately 55%. Photosynthetic rates were measured at the saturation PPF = 1200 µmol m^−2^ s^−1^. Prior to gas exchange measurements a south-facing leaf was selected from the upper crown. Each leaf was given 20 to 30 min. to acclimate to the leaf chamber conditions prior to measuring. The window of the leaf chamber was darkened and dark respiration (R~d~, µmol CO~2~ m^−2^ s^−1^) was measured for 15 min, after which the lamp was switched on and photosynthetic rates were measured for 30 min. Five values from the stable phase of photosynthesis were averaged to obtain maximum net assimilation rate (A~max~, nmol CO~2~ g^−1^ s^−1^). Water use efficiency (WUE, µmol CO~2~ mmol^−1^ H~2~O) was calculated as the ratio of area-based maximum photosynthesis (µmol CO~2~ m^−2^ s^−1^) to transpiration rate (E, mmol H~2~O m^−2^ s^−1^). Nitrogen concentration was determined from the same leaves as those used for net CO~2~ assimilation rate to calculate the photosynthetic nitrogen use efficiency (PNUE, µmol CO~2~ mol N^−1^ s^−1^). Projected leaf area and dry mass used for measurements of gas exchange were determined to calculate leaf mass-to-area index (LMA, g m^−2^) and to calculate the net carbon gain of foliage for each individual (A~crown~, nmol CO~2~ g^−1^ s^−1^) by multiplying mass-based photosynthetic rates by the total leaf mass of individual seedlings. Due to the time-consuming nature of gas exchange measurements we were unable to measure these traits on all treatments, and excluded the P + Q (and Q + P) treatment combinations.

Leaf nitrogen content analyses {#Sec9}
------------------------------

Total nitrogen content was determined using the Kjeldahl method. The digestion of leaf samples was conducted using a digestion system with sulfuric acid at 420 °C (Foss Tecator). Nitrogen was determined by distillation with water vapour in the apparatus of Parnas-Wagner. Leaf nitrogen content was recalculated per leaf mass and area using LMA.

Leaf area and dry mass of seedlings {#Sec10}
-----------------------------------

Three seedlings per species, light treatment, competition/mulching combination and block were used for the biomass allocation analyses. Leaves were scanned and total leaf area was determined with the program DigiShape (Cortex Nova, Poland). Plant organs were then dried at 65 °C for 48 h and weighed for dry mass. Relative growth rate (RGR) was calculated according to the formula (Hunt [@CR506]): $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{RGR}}=\frac{{{\text{ln}}({{\text{W}}_2}) - {\text{ln}}({{\text{W}}_1})}}{{{{\text{t}}_2} - {{\text{t}}_1}}}$$\end{document}$, where W~1~---mean initial total seedling dry mass calculated using ten seedlings prior to the experiment, W~2~---total seedling dry mass at the end of the experiment, t~1~---day of year 146 (May), t~2~---day of year 269 (October). Leaf area ratio (LAR) was calculated with the formula: LAR = A~L~/W~2~, where A~L~ -- total seedling leaf area.

Data analyses {#Sec11}
-------------

Prior to the analysis of variance the gas exchange data were logarithmically transformed or function $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \begin{document}$$z=arcsin\sqrt p ~$$\end{document}$was applied to the data in the form of fractions or percentages to obtain a normal distribution. The effects of block, sampling date, light, combination and their interactions on LMA and photosynthetic parameters of *P. serotina* and *Q. petraea* leaves were analyzed using ANOVA in split--split plot design. ANOVA in split-plot design was also applied to compare the effects of block, light and combination on fractions of energy partitioned to the three processes (Φ~PSII~, Φ~NPQ~, Φ~f,D~). Analyses were conducted for energy fractions calculated as both the areas beneath the light curves and the values of energy fractions at PPF = 295 µmol m^−2^ s^−1^. This value of fluorescence induction PPF was chosen because net CO~2~ assimilation rates were not light-saturated at this light level and there was no photoinhibition in LL-acclimated seedlings.

For each study species, a two-way ANOVA with interactions was used to compare mean values of RGR among light treatments and competition and mulching combinations. Prior to analyses, RGR values were transformed with $\documentclass[12pt]{minimal}
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                \begin{document}$$z=arcsin\sqrt p$$\end{document}$. A linear regression was used to examine interspecific differences in biomass allocation to leaves vs. roots between the study species. All statistical analyses were conducted using Statistica 12.0 (StatSoft, Inc., USA) and Sigmaplot 13.0 (Systat Software, Inc., USA).

Results {#Sec12}
=======

Partitioning of energy absorbed by leaves {#Sec13}
-----------------------------------------

In LL, both study species exhibited Φ~PSII~ of approximately 20% of total leaf absorbed light energy, which increased to 27--28% in HL (*P. serotina: F*~2~ = 47.3, *P* = 0.002, Fig. [1](#Fig1){ref-type="fig"}, Q. *petraea: F*~2~ = 6.1, *P* = 0.004, Fig. [2](#Fig2){ref-type="fig"}). In Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, the percent values indicates the percent area under the curve. *P. serotina* increased Φ~NPQ~ from LL to HL, but this was not observed in *Q. petraea* (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}). Interestingly, under HL, Φ~PSII~ was 6% higher for *P. serotina* in competition with *Q. petraea* and mulching (P + Q + L) than in *P. serotina* monoculture (P) suggesting that the interspecific competition may stimulate an increase in Φ~PSII~ of this invasive species (Fig. [1](#Fig1){ref-type="fig"}g, i).

Fig. 1Partitioning of light energy (shown as the percent area under the curve) absorbed by leaves of *Prunus serotina* seedlings acclimated to 10 (**a**--**c**), 25 (**d**--**f**) or 100% of full sun light (**g**--**i**) and growing in one of three combinations: P, three *P. serotina* seedlings; P + Q, six *P. serotina* and three *Quercus petraea* seedlings; P + Q + L, six *P. serotina* and three *Q. petraea* seedlings with mulching with *P. serotina* leaves; Φ~PSII~, quantum yield of PSII photochemistry Φ~PSII~; Φ~NPQ~, quantum yield of ΔpH- and xanthophyll-regulated thermal energy dissipation; Φ~f,D~, quantum yield of constitutive fluorescence and thermal energy dissipation. Triangles---Φ~PSII~ + Φ~NPQ~ + Φ~f,D~; white circles---Φ~NPQ~ + Φ~f,D~; black circles -- Φ~f,D~ (mean ± SE). Light green area---a fraction of energy transferred to photochemistry; dark green area---energy dissipated as heat; black area---constitutive energy losses (*n* = 6 seedlings per species, light treatment and combination)

Fig. 2Partitioning of light energy absorbed by leaves of *Quercus petraea* seedlings acclimated to 10 (**a**--**c, d**), 25 (**d**--**g**) or 100% of full sun light (**g**--**j**) and growing in one of four combinations: Q, three *Q. petraea* seedlings; Q + P, three *Quercus petraea* seedlings and six *P. serotina* seedlings; Q + P + L, three *Quercus petraea* seedlings and six *P. serotina* with mulching with *P. serotina* leaves; Q + L, three *Q. petraea* seedlings with mulching. For the further explanations, see Fig. [1](#Fig1){ref-type="fig"} (*n* = 6)

In *P. serotina*, Φ~f,D~ decreased with higher growth light intensity (Fig. [1](#Fig1){ref-type="fig"}). In the P treatment, Φ~f,D~ was 7% higher in LL than in HL (Fig. [1](#Fig1){ref-type="fig"}a, g). For P + Q + L and for *P. serotina* in competition with *Q. petraea* without mulching (P + Q), Φ~f,D~ was 11% higher in LL than in HL (Fig. [1](#Fig1){ref-type="fig"}b, c, h, i). The LL seedlings of *Q. petraea* showed the highest Φ~f,D~ in all treatments, with ML and HL being lower and not significantly different from each other (Fig. [2](#Fig2){ref-type="fig"}).

Φ~f,D~, Φ~NPQ~ and Φ~PSII~ were also compared among the light treatments and species combinations at PPF = 295 µmol m^−2^ s^−1^. The invasive seedlings in P + Q + L showed higher Φ~PSII~ than those growing in P or P + Q (Table [1](#Tab1){ref-type="table"}), providing some support for hypothesis 1. On average, Φ~NPQ~ decreased and Φ~PSII~ increased as light availability increased (Tables [1](#Tab1){ref-type="table"}, S1). Φ~NPQ~ was lower in P + Q + L than in P and P + Q (*F*~2~ = 6.2, *P* = 0.005). In HL, consistent with hypothesis 3, competition and allelopathic effects led to more significant differences in Φ~PSII~ than those observed in ML and LL (Fig. [1](#Fig1){ref-type="fig"}). Similar to Φ~f,D~ expressed as the area beneath the curve, Φ~f,D~ of *P. serotina* seedlings at 295 PPF averaged across all treatments was highest in seedlings growing in LL, whereas those in ML and HL were significantly lower and did not differ from each other based on a Tukey's test (Table [1](#Tab1){ref-type="table"}).

In *Q. petraea*, Φ~f,D~ did not differ among the light treatments (Table [1](#Tab1){ref-type="table"}, S1, Fig. [2](#Fig2){ref-type="fig"}). On average, *Q. petraea* seedlings showed light acclimation of Φ~NPQ~ and Φ~PSII~ (Table [1](#Tab1){ref-type="table"}). At the induction PPF = 295 µmol m^−2^ s^−1^, Φ~NPQ~ was significantly higher in LL than in HL, while the inverse was true for Φ~PSII~ (Table [1](#Tab1){ref-type="table"}, S1). Consistent with hypothesis 1, competition and mulching treatments of *P. serotina* leaves had no effect on energy partitioning of native *Q. petraea* seedlings which showed lower plasticity in light energy partitioning compared with *P. serotina*.

Leaf structure {#Sec14}
--------------

From the beginning to the end of the experiment, LMA of *P. serotina* increased by 30% and was not influenced by competition or mulching (Tables [2](#Tab2){ref-type="table"}, S2). LMA did not differ between LL and ML, but increased by 29% in the HL treatment (Table S2).

Table 2Analysis of variance in split--split plot design of block, date of sampling, light and treatment combinations and interactions on leaf mass to area ratio (LMA, g m^−2^), net CO~2~ assimilation rate at saturating light (A~max~, nmol g^−1^ s^−1^), leaf dark respiration (R~d~, nmol g^−1^ s^−1^), photosynthetic nitrogen use efficiency (PNUE, µmol CO~2~ mol N^−1^), water use efficiency (WUE, µmol CO~2~ mmol H~2~O^−1^), and respiratory costs of photosynthesis (R~d~/A~max~) of *Prunus serotina* and *Quercus petraea* seedlings. The block effect was not significant, therefore the effects of block and of interactions with block are omittedEffect*Prunus serotinaQuercus petraeadfFPdfFP*LMA Date of sampling349.32\< 0.001312.800.007 Light294.95\< 0.0012122.32\< 0.001 Date of sampling × light66.490.00161.940.135 Combination10.220.64425.540.007 Date × combination31.910.15560.7810.589 Light × combination24.380.02443.050.026 Date × light × combination60.810.575120.6570.783A~net~ Date of sampling31.780.251315.600.003 Light225.590.0052131.28\< 0.001 Date of sampling × light60.310.74863.760.016 Combination110.010.00424.050.024 Date × combination32.650.07261.340.259 Light × combination22.990.06942.580.049 Date × light × combination60.940.484120.970.493R~d~ Date of sampling36.370.03030.2900.832 Light226.84\< 0.001213.720.006 Date of sampling × light63.300.02662.240.093 Combination10.350.56126.370.004 Date × combination30.870.47360.630.451 Light × combination20.390.67940.9370.451 Date × light × combination61.350.276121.200.315PNUE Date of sampling33.790.090357.25\< 0.001 Light221.360.002284.65\< 0.001 Date of sampling × light63.840.01564.770.006 Combination111.350.00322.770.072 Date × combination32.530.08160.660.685 Light × combination21.540.23443.240.020 Date × light × combination60.170.982120.580.844WUE Date of sampling321.420.001314.190.005 Light213.890.006243.37\< 0.001 Date of sampling × light63.500.02063.970.013 Combination11.120.30026.310.004 Date × combination30.540.65861.150.347 Light × combination20.680.51541.940.119 Date × light × combination62.500.510121.560.137R~d~/A~max~ Date of sampling31.740.25833.280.109 Light20.950.443244.23\< 0.001 Date of sampling × light62.280.08864.100.011 Combination13.560.07120.360.698 Date × combination30.270.84960.480.822 Light × combination21.150.33444.690.003 Date × light × combination60.370.894120.990.470

LMA of *Q. petraea* increased by approximately 15% from June to July, then remained relatively unchanged through the remainder of the growing season (Tables [2](#Tab2){ref-type="table"}, S2). Compared to LL, LMA of *Q. petraea* was 4% higher in ML and 19.5% higher in HL (Table S2). When all data were pooled across all the sampling dates, mulching with *P. serotina* leaves (Q + L) increased LMA of *Q. petraea* compared to seedlings grown in monoculture (Q) which suggested a positive nutritional effect contrary to hypothesis 4, but LMA of the interspecific competition and mulching treatment (Q + P + L) was similar to Q (Fig. [3](#Fig3){ref-type="fig"}d). Differences among the treatment combinations were further modified by light conditions of growth. LMA of *Q. petraea* was similar in all competition and mulching treatments in HL, but differences among treatments became more pronounced as light limitations increased (Table S2).

Fig. 3*Left hand panels* The mean (± SE) values of **a** leaf mass-to-area ratio (*LMA*), **b** maximum net CO~2~ assimilation rate expressed per leaf dry mass (A~max~), and **c** dark respiration rate per unit dry mass (R~d~) of *P. serotina* seedling monocultures (P) or six *P. serotina* seedlings in competition with three *Q. petraea* seedlings with mulching (P + Q + L). *Right hand panels* The mean (± SE) values of **d** *LMA*, **e** A~max~, and **f** R~d~ of *Q. petraea* seedling monocultures (Q), three *Q. petraea* seedlings with mulching (Q + L), or three *Q. petraea* seedlings in competition with six *P. serotina* seedlings with mulching (Q + P + L). All data were pooled across June, August, September and October. The *F* values with the number of degrees of freedom in lower index and probability obtained from ANOVA are shown. 0.05 \> *P*\* ≥ 0.01, 0.01 \> *P*\*\* ≥ 0.001, *P*\*\*\* \< 0.001 (*n* = 36)

Photosynthetic capacity {#Sec15}
-----------------------

In *P. serotina*, A~max~ expressed per gram leaf dry mass did not change considerably from month to month and was 28 nmol g^−1^ s^−1^ on average. In contrast, A~max~ of *Q. petraea* decreased progressively from June to September from 62 to 32 nmol g^−1^ s^−1^ and its mean seasonal value was 47 nmol g^−1^ s^−1^ (Tables [2](#Tab2){ref-type="table"}, S3, S4). In *P. serotina*, A~max~ was twofold higher in HL than in LL and this was accompanied by twofold increase in R~d~ (Table S3). In *Q. petraea*, A~max~ was 2.5-fold higher in HL than in LL, and R~d~ increased by 30% (Table S4).

When the mean values calculated across all the sampling dates were compared, A~max~ in P + Q + L decreased compared with P, while R~d~ remained stable, rejecting hypothesis 2 (Table [2](#Tab2){ref-type="table"}; Fig. [3](#Fig3){ref-type="fig"}b, c). The Q + L treatment exhibited the highest rates of both A~max~ and R~d~, while the Q + P + L treatment was similar to the monoculture (Tables S3, S4, Fig. [3](#Fig3){ref-type="fig"}e, f). Additionally, the light × treatment combination interaction influenced A~max~ of *Quercus*, indicating a positive effect of mulching that was the most significant in LL (Table S4).

In contrast to A~max~, when A~crown~ was calculated for individual seedlings, it was higher on average in *P. serotina* than in *Q. petraea* (Tables S5, S6). Thus, while hypothesis 2 was rejected for *P. serotina* leaf level traits, the invasive species did have enhanced photosynthetic capacity at the crown level. A~crown~ of *P. serotina* increased abruptly in September (DOY---day of year 269) (due to the high leaf mass and area per seedling), whereas A~crown~ of *Q. petraea* did not change significantly across the season. The most striking difference between the two species was their response to higher levels of light availability: invasive *P. serotina* increased A~crown~ 40-fold from LL to HL, while native *Q. petraea* only increased fourfold (Table S6).

Photosynthetic efficiency {#Sec16}
-------------------------

In both species, photosynthetic nitrogen use efficiency (PNUE) decreased throughout the growing season, but was always higher in *P. serotina* than in *Q. petraea*, consistent with hypothesis 2. Both invasive *P. serotina* and native *Q. petraea* increased PNUE on average in ML and HL compared with LL (Tables [2](#Tab2){ref-type="table"}, S7, S8). *P. serotina* was able to enhance PNUE by 54% and *Q. petraea* by 83% in HL compared with LL. P + Q + L showed a 24% lower PNUE compared to P (Table S7, Fig. [4](#Fig4){ref-type="fig"}b), while PNUE of *Q. petraea* was similar in all competition and mulching treatments (Table [2](#Tab2){ref-type="table"}; Fig. [4](#Fig4){ref-type="fig"}d). Leaf nitrogen concentration decreased with increasing light and LMA (*Q. petraea* LL 30.12 ± 0.60 and HL 27.33 ± 0.74 mg g^−1^; *P. serotina* LL 33.19 ± 0.91 and HL 29.33 ± 1.19 mg g^−1^). In *Q. petraea*, the highest leaf nitrogen concentration was in Q + L (30.69 ± 0.74 mg g^−1^), and in *P. serotina* it decreased from 33.96 ± 0.89 in P to 30.53 ± 1.11 mg g^−1^ in P + Q + L.

Fig. 4*Left hand panels* The mean (± SE) values of **a** photosynthetic water use efficiency (WUE) and **b** photosynthetic nitrogen use efficiency (PNUE) of *P. serotina* seedling monocultures (P) or six *P. serotina* seedlings in competition with three *Q. petraea* seedlings with mulching (P + Q + L). *Right hand panels* **c** WUE and **d** PNUE of *Q. petraea* seedling monocultures (Q), three *Q. petraea* seedlings with mulching (Q + L), or three *Q. petraea* seedlings in competition with six *P. serotina* seedlings with mulching (Q + P + L). All data were pooled across June, August, September and October. The *F* values with the number of degrees of freedom in lower index and probability obtained from ANOVA are shown. 0.05 \> *P*\* ≥ 0.01, 0.01 \> *P*\*\* ≥ 0.001, *P*\*\*\* \< 0.001 (*n* = 36)

Photosynthetic water use efficiency (WUE) in both species depended on date of sampling, light and, in *Q. petraea*, on treatment combination (Table [2](#Tab2){ref-type="table"}). On average in *P. serotina* seedlings, WUE increased from May (DOY 146) to September (DOY 269) and the opposite trend was observed in *Q. petraea* (Tables S7, S8). In both species, WUE was greatest in HL and declined as light became more limiting. Interspecific competition and mulching treatments did not affect WUE of *P. serotina* (Table S7, Fig. [4](#Fig4){ref-type="fig"}a), while WUE increased significantly in the Q + L treatment as compared to Q and Q + P + L (Table S8, Fig. [4](#Fig4){ref-type="fig"}c).

The overall respiration costs of photosynthesis (R~d~/A~max~) were higher in *Q. petraea* compared with *P. serotina* (R~d~ /A~max~ = 0.17 ± 0.01 and 0.12 ± 0.01, respectively), supporting hypothesis 2. This was true throughout the growing season, with differences between species being most extreme at the end of the growing season. Date of sampling, light environment and treatment combination did not significantly affect R~d~/A~max~ in *P. serotina* (Table [2](#Tab2){ref-type="table"}). In contrast, light environment significantly affected respiration costs of photosynthesis in *Q. petraea*, which decreased as light availability increased (LL = 0.23 ± 0.02, ML = 0.17 ± 0.02, HL = 0.12 ± 0.01). In ML, R~d~/A~max~ was similar in Q and Q + L, and lowest in Q + P + L (0.17 ± 0.03, 0.21 ± 0.04 and 0.14 ± 0.03, respectively).

Relative growth rate and biomass allocation to foliage {#Sec17}
------------------------------------------------------

Mean initial dry mass (DM) of *P. serotina* and *Q. petraea* organs were: roots 0.190 ± 0.052, 0.357 ± 0.031, shoots: 0.069 ± 0.005, 0.129 ± 0.020, and leaves: 0.034 ± 0.003, 0.415 ± 0.052 g, respectively (*n* = 10, *n*---number of seedlings). Initial total seedling DM of *Q. petraea* was 0.901 ± 0.099 and *P. serotina* 0.293 ± 0.056 g. *P. serotina* had higher RGR than *Q. petraea* (0.133 ± 0.004 and 0.09 ± 0.004 g total DM day^−1^, respectively, all data pooled, *F*~1~ = 48.6, *P* \< 0.0001) and the differences between the species increased as light availability increased: compared to *Q. petraea*, RGR of *P. serotina* 1.8-fold higher in LL, 2.1-fold higher in ML, and 2.3-fold higher in HL, providing support for hypotheses 3 and 5 (Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}). RGR of *Q. petraea* did not differ significantly among competition and mulching treatments (Fig. [5](#Fig5){ref-type="fig"}b), while RGR of P + Q + L in low light was greater than that of P and P + Q (Fig. [5](#Fig5){ref-type="fig"}a). Leaf area ratio (LAR) decreased and total leaf area (A~L~) increased with light for both species, but more significantly for the invasive than native species (Fig. [5](#Fig5){ref-type="fig"}c--f). In LL, RGR, LAR and A~L~ were highest in P + Q, and in HL, RGR and A~L~ were lower in P + Q than in P + Q + L (Fig. [1](#Fig1){ref-type="fig"}a, c, e).

Fig. 5Relative growth rate (RGR), leaf area ratio (LAR), and total leaf area (A~L~) of *Prunus serotina* (**a, c, e**) and *Quercus petraea* (**b, d, f**) seedlings which were grown in one of three light treatment (10, 25 or 100% of full sun light) and five combinations: P, Q, Q + L, P + Q (Q + P) or P + Q + L (Q + P + L). The *F* values with the number of degrees of freedom in lower index and probability obtained from two-factorial analysis of variance with light, combination and interaction are shown. The same capital letters indicate that the mean values do not significantly differ among light treatments. The same small letters indicate that the mean values are not significantly different between combination within a light treatment in Least Significant Difference test. 0.05 \> *P*\* ≥ 0.01, 0.01 \> *P*\*\* ≥ 0.001, *P*\*\*\* \< 0.001 (*Q. petraea n* = 76, *P. serotina n* = 63)

Fig. 6Linear regressions between **a** leaf dry mass, **b** leaf area, and **c** root dry mass and total seedling dry mass. The seedlings were grown in one of three light treatment (10, 25 or 100% of full sun light) and three combination treatments \[P, Q or P + Q + L (Q + P + L)\]. Each point represents the mean value of three seedlings per species per pot (*n* = 216 seedlings per species)

The linear relationship between *P. serotina* total seedling dry mass vs. leaf dry mass had over a two-fold steeper slope than for *Q. petraea* seedlings (Fig. [6](#Fig6){ref-type="fig"}a), providing support for hypothesis 5. The slope of the relationship between the total seedling dry mass vs. leaf area was more than fourfold steeper for *P. serotina* compared with the slope for *Q. petraea* (Fig. [6](#Fig6){ref-type="fig"}b). Alternatively, the slope of the relationship between total seedling dry mass vs. root dry mass was significantly steeper for *Q. petraea* than for *P. serotina* (Fig. [6](#Fig6){ref-type="fig"}c).

Discussion {#Sec18}
==========

Leaf absorbed light energy partitioning {#Sec19}
---------------------------------------

Competition between invasive *P. serotina* and native *Q. petraea* has been observed *in situ* under the canopy of Scots pine forests in Europe. We simulated this competition and potential allelochemical interspecific interactions under different controlled light environments. This study complements and adds to prior studies comparing morphological and physiological traits of invasive and native species (e.g. Boyd et al. [@CR6]; Funk [@CR20]; Harrington et al. [@CR26]; Mangla et al. [@CR40]; Molina-Montenegro et al. [@CR44]; Leishman et al. [@CR37]; van Kleunen et al. [@CR67]), and focuses on species responses to seasonality, light environment, competition, and allelopathic effects from mulching with *P. serotina* leaves. Our results show that the acclimation of leaf absorbed light energy partitioning is more strongly affected by light environment than by competition and allelopathy (Tables [1](#Tab1){ref-type="table"}, S1; Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}). Here, we expand on prior studies by focusing on interspecific competition for light and its effect on partitioning of light energy into three competing processes: Φ~PSII~, Φ~NPQ~, and Φ~f,D~. It is worth noting that *P. serotina* increased Φ~NPQ~ and Φ~PSII~ markedly at the expense of Φ~f,D~ when growing in ML and HL compared with LL, especially when in competition with *Q. petraea* with mulching (Fig. [1](#Fig1){ref-type="fig"}c, f, i). This response of invasive *P. serotina* to light can be regarded as the 'Oskar Syndrome' at the bioenergetics level. The 'Oskar Syndrome' is a dynamic increase in the growth of a shade-acclimated plant following exposure to a brighter light environment (Closset-Kopp et al. [@CR8], [@CR9]). Higher amounts of leaf absorbed light energy translocated to Φ~PSII~ can contribute to an increase in growth under optimal light conditions. *Q. petraea* also increased Φ~NPQ~ and Φ~PSII~ in HL compared with LL, but the differences between the light treatments were less extreme than those observed for *P. serotina* (Fig. [2](#Fig2){ref-type="fig"}). For the first time, we have shown that higher plasticity of light energy partitioning can give an important competitive advantage to invasive over native species (Tables [1](#Tab1){ref-type="table"}, S1, Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}). Our results also add to the body of evidence showing higher morphological plasticity of invasive compared to native species in response to light (Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}; Daehler [@CR12]; Funk [@CR20]; Molina-Montenegro [@CR44]). In contrast to our results, Demmig-Adams and Adams ([@CR14]) observed a similar conversion state of the xanthophyll cycle and a similar level of energy dissipation for a given degree of light stress, independent of species or light stress conditions.

Interestingly, in our study, at PPF = 295 µmol m^−2^ s^−1^, *P. serotina* increased Φ~PSII~ growing in the presence of its competitor with mulching (P + Q + L vs. P). Together with a lack of difference between P and P + Q these results suggest that there was a positive allelopathic effect of mulching, or a positive synergistic effect of interspecific competition and allelopathy on *P. serotina* Φ~PSII~. This is in agreement with hypothesis 1, suggesting that invasive species can enhance photosynthetic performance by transferring more energy to photochemistry when growing in the presence of a competitor (Tables [1](#Tab1){ref-type="table"}, S1). An increase in Φ~PSII~ may have occured due to higher availability and allocation of nitrogen to photochemistry in P + Q + L. However, our results do not support hypothesis 2 since A~max~ was lower in P + Q + L compared to P, suggesting that energy was dissipated as heat or used in non-photosynthetic processes (Niyogi [@CR48]). Nevertheless, our results suggest that the responsiveness of invasive *P. serotina* to light and competition with or without mulching is more dynamic than that of native *Q. petraea* (Tables [1](#Tab1){ref-type="table"}, S1, Fig. [5](#Fig5){ref-type="fig"}). Compared to observed levels of Φ~NPQ~ obtained in our study (*P. serotina* from 52 to 61%, *Q. petraea* from 50 to 56%), leaves of grapevines growing in full sunlight have been found to dissipate up to 75% of total absorbed daily radiation via ΔpH- and xanthophyll-regulated thermal dissipation (Hendrickson et al. [@CR28]). Compared with our experiment, higher values of Φ~NPQ~ resulted from growing grapevines in a greenhouse. Another study observed that under drought stress, Φ~NPQ~ can be as high as 92% of total absorbed radiation (Flexas and Medrano [@CR18]). *P. serotina* and *Q. petraea* in our study increased Φ~PSII~ in ML and HL compared with LL at the expense of Φ~f,D~. The stress caused by a deficit of light in the LL treatment enhanced Φ~f,D~ and reduced Φ~PSII~ compared with HL.

Leaf structure {#Sec20}
--------------

*P. serotina* had lower LMA than *Q. petraea* independent of sampling date, light environment or treatment combination (Table S4, Fig. [1](#Fig1){ref-type="fig"}a, d). The global leaf economic spectrum indicates that species with lower LMA have higher photosynthetic capacities (Wright et al. [@CR70]). Interestingly, in our experiment the mean LMA value of *P. serotina* (43 ± 1 g m^−2^) was lower than LMA of this species in Minnesota, where it naturally occurs (48 ± 3 g m^−2^) (Sendall and Reich [@CR63]). This observation supports the hypothesis that invasive *P. serotina* is able to decrease LMA in its introduced geographical range. In our study, both species increased LMA in HL compared with LL and ML, but contrasting with the results of Leishman et al. ([@CR38]), they did not differ substantially in the magnitude of this increase. Pattison et al. ([@CR53]) showed that five invasive and four native species grown in the shade had lower LMA than those grown in full sun, while other studies have shown that *P. serotina* juveniles growing in full sun have approximately threefold higher LMA than in the understory (Harrington et al. [@CR26]; Sendall and Reich [@CR63]). Leaf structural changes reflected by LMA, together with biochemical mechanisms of excess energy dissipation, allow plants to use light more efficiently for photosynthesis and protect the photosynthetic apparatus against excess energy (Ellsworth and Reich [@CR16]; Niinemets et al. [@CR47]).

Photosynthetic and leaf structural responses of *Q. petraea* and *P. serotina* to different light environments suggest that they are functionally similar. Both species increased A~max~, PNUE and LMA with increasing light. However, high light availability favoured *P. serotina* over *Q. petraea* (Tables S2, S6, Fig. [5](#Fig5){ref-type="fig"}). This is in accordance with Firn et al. ([@CR17]) who found that the ability of invading grasses to suppress natives was greater under higher resource supply.

In our study, LMA and A~max~ were lower for Q + P + L when compared with Q + L indicating a significant effect of interspecific competition on *Q. petraea* leaf structure and photosynthesis when the competition occurs with mulching (Tables S2, S4 Fig. [3](#Fig3){ref-type="fig"}d, e). In contrast to our results, Kozovits et al. ([@CR34]) found that the competition between two co-occurring native species in Europe *Fagus sylvatica* and *Picea abies*, was not associated with changes in LMA or carbon gain efficiency. This difference may result from more intense interspecific competition between the invasive and native species enhanced by allelopathic or nutritional effects in our experiment compared with the competition between native species in Kozovits et al. study. In HL, the mean height of *P. serotina* was 192 ± 11 mm, while the mean height of *Q. petraea* 95 ± 2 mm. *P. serotina* grew more dynamically, overtopping and shading *Q. petraea* seedlings, which caused *Q. petraea* to alter their leaf structure in response to this additional shading. In ML and HL, our invasive species benefitted directly from higher light availability for photosynthesis and indirectly by shading out the native species and effectively reducing its growth (Craine and Dybzinski [@CR10]).

Photosynthetic capacity and efficiency {#Sec21}
--------------------------------------

There are conflicting results in the literature as to whether species' gas exchange rates vary among invasive and native species and whether the difference confers growth advantages (Funk [@CR20]). In our study, the values of LMA suggest that *P. serotina* should have higher photosynthetic capacity per unit leaf dry mass than *Q. petraea*. However, during the growing season, the invasive maintained A~max~ and R~d~ at a lower and more stable level compared with the native, rejecting hypothesis 2. Thus, our results suggest that an invasive does not need to have higher A~max~ to overtop its native competitor growing in the same niche. Our results are inconsistent with an earlier study by Leishman et al. ([@CR37]) who compared 75 native and 90 invasive plants and found that invasive species had higher A~max~ than natives, as well as another study showing that two invasive *Rubus* species had higher A~max~ compared with their native congeners (McDowell [@CR43]). However, Boyd et al. ([@CR6]) found that the invasive *Berberis thunbergii* DC. did not differ in A~max~ from the native *Kalmia latifolia* L. and *Vaccinium corymbosum* L. Additionally, our study species *P. serotina* in its native range showed higher net CO~2~ assimilation rates than two invasive shrubs (Harrington et al. [@CR26]). Thus, our results indicate that photosynthetic activity alone, despite its fundamental role in the acquisition of energy required for growth, does not appear to drive the invasive success of *P. serotina*.

Phenological differences in leaf flushing, senescence, and growing season length may to some extent explain differences in carbon gain and growth of the invasive and native species (Zohner and Renner [@CR74]). *Q. petraea* emerges from acorns and begins leaf bud flushing 2--3 weeks earlier than *P. serotina*. However, the latter continues height growth for a longer period of time and under the shade of a tree canopy, and it can retain photosynthetically functional leaves further into the fall and occasionally in winter. In the natural range of *P. serotina* in Wisconsin, USA, this lengthening of the growing season does not occur, and in fact some invasives have been found to retain leaves for up to two weeks longer than *P. serotina* (Harrington et al. [@CR26]). Thus, invasive *P. serotina* appears to use late bud flushing to avoid late spring frosts and extended leaf longevity in the fall to increase its annual carbon gain and gain a growth advantage over some native species.

In our study, the strong competitive pressure and lower A~max~ for P + Q + L resulted in decreased PNUE compared with P (Table S7, Figs. [3](#Fig3){ref-type="fig"}b, [4](#Fig4){ref-type="fig"}b). In contrast, for the native species, Q + P + L did not change A~max~ compared with Q, while Q + L showed the highest values of A~max~ compared with the other treatment combinations. Thus, the results did not confirm hypothesis 4, which stated that mulching with *P. serotina* leaves would have a negative allelopathic effect on the photosynthetic rate of *Q. petraea*. It is possible that mulching instead had positive nutritional effects on *Q. petraea*. The leaves of *P. serotina* used for mulching may have been a source of nitrogen that was utilized in photosynthetic processes and invested into photosynthetic structures, contributing to an increase in CO~2~ uptake or prunasin production used for chemical defense (Neilson et al. [@CR46]). If prunasin from leaves used for mulching was microbiologically degraded in soil, it may also provide *Q. petraea* with nitrogen that could contribute to an increase in A~max~. However, the biochemical mechanism of this process remains unclear (Ubalua [@CR65]).

PNUE increased with light in our experiment, but differences between light treatments were more distinguishable in *Q. petraea* (Tables S7, S8). P + Q + L reduced PNUE compared with P due to lower A~max~ and leaf nitrogen concentrations (34 mg N g^−1^ DM in P and 31 mg g^−1^ in P + Q + L) (Fig. [4](#Fig4){ref-type="fig"}b). *P. serotina* may have invested some amount of nitrogen into non-photosynthetic compounds such as prunasin for chemical defense at the expense of A~max~ (Patton et al. [@CR54]). Other studies have observed similar trends regarding nitrogen use and chemical defense compounds; for example, a study of *Eucalytpus cladocalyx* found that there was an approximately proportional increase in cyanogenic glycoside concentration with leaf nitrogen concentration (Gleadow et al. [@CR22]). Our results suggest that in the introduced range in Polish forests, *P. serotina* seedlings that occur en masse can assimilate and accumulate high levels of nitrogen, making it less available for *Q. petraea* (Craine and Dybzinski [@CR10]).

Photosynthetic energy use efficiency (µmol CO~2~ (kg glucose)^−1^ s^−1^) and nitrogen use efficiency (µmol CO~2~ (g nitrogen)^−1^ s^−1^) have been found to be higher for invasive compared to native species, while costs of leaf construction are lower (Boyd et al. [@CR6]). Our results confirmed this, as in *P. serotina*, the respiratory costs of photosynthesis were lower than in *Q. petraea* independent of sampling date, light environment or treatment combination, which supports hypothesis 2. This is consistent with prior studies showing that invasive species have lower respiratory costs compared with native species (Leishman et al. [@CR38]; McDowell [@CR43]; Pattison et al. [@CR53]). Although the mean values of area- and mass-based A~max~ were lower for *P. serotina*, A~crown~ per individual *P. serotina* seedling was higher than that of *Q. petraea* (Tables S5, S6), confirming hypothesis 2. Moreover, A~crown~ of *Q. peteaea* was also competitively suppressed by the presence of the invasive in the Q + P + L treatment as compared to Q + L (Table S6).

The invasiveness of *P. serotina* was further enhanced when seedlings were exposed to HL, which was reflected by a more significant increase in A~crown~ compared with the native and more conservative *Q. petraea*.

Biomass allocation {#Sec22}
------------------

*P. serotina* allocated more biomass to leaves and had higher LAR, A~L~ and RGR, which conveyed an advantage in the competition for light compared with *Q. petraea* (Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}). This interspecific difference in biomass allocation was important in ML and HL, but not in LL where both species were under a high degree of light stress. Consistent with the results of Reich et al. ([@CR58]), greater RGR of *P. serotina* resulted from higher LAR and A~L~ compared with *Q. petraea*. The behavior of *P. serotina* in response to increasing light was to some extent similar to that of invasive *Bischofia javanica* Blume which also showed higher morphological plasticity, faster leaf production and higher tolerance to photoinhibition compared with native species (Yamashita et al. [@CR71], [@CR72]). Interestingly, in our study, the invasive species invested in leaf tissue and high RGR under light deficit and competition/mulching in P + Q + L, but in HL leaf production and RGR were reduced by the competition in P + Q (Fig. [5](#Fig5){ref-type="fig"}). These differences between competition treatments were noticed when shoot/root ratios were compared (data not shown). The morphological response of *P. serotina* to interspecific competition was more plastic than that of *Q. petraea*. Our results are in agreement with Kozovits et al. ([@CR34]), who showed that *F. sylvatica* displayed smaller crown volumes per unit of shoot biomass in species mixtures compared with monoculture, whereas *P. abies* enhanced space sequestration in mixed culture.

In conclusion, our study shows that light environment has a stronger effect on photosynthesis than the effects of interspecific competition and/or allelopathic effects of *P. serotina* leaves. The response to light of both study species was similar, but in agreement with hypothesis 5, invasive *P. serotina* displayed higher morphological plasticity and was better able to cope with competition than native *Q. petraea*. Our results suggest that the quantum yield of PSII of an invasive species can increase in presence of a competitor and that the higher plasticity of leaf absorbed light energy partitioning appears to give a competitive advantage to invasive *P. serotina* over native *Q. petraea. P. serotina* seedlings allocated proportionally more biomass to aboveground tissues, allowing them to capture a greater amount of light and photosynthesize more efficiently. In contrast, the native seedlings invested more in root development which gave them an advantage in belowground competition for water and nitrogen. Additionally, *Q. petraea* did not decrease area- and mass-based A~max~ and PNUE under the pressure of competition and positively responded to mulching with *P. serotina* leaves. Therefore, despite the similar ecological requirements of invasive *P. serotina* and native *Q. petraea*, they can co-occur in the same environment due to their different strategies of biomass allocation, partitioning of leaf absorbed light energy, and photosynthetic efficiency.
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